The Lyme disease agent, Borrelia burgdorferi, is able to persistently infect humans and animals for months or years in the presence of an active immune response. It is not known how the organisms survive immune attack in the mammalian host. vlsE, a gene localized near one end of linear plasmid lp28-1 and encoding a surface-exposed lipoprotein in B. burgdorferi B31, was shown recently to undergo extensive genetic and antigenic variation within 28 days of initial infection in C3H/HeN mice. In this study, we examined the kinetics of vlsE sequence variation in C3H/HeN mice at 4, 7, 14, 21, and 28 days and at 7 and 12 months postinfection. Sequence changes were detected by PCR amplification and sequence analysis as early as 4 days postinfection and accumulated progressively in both C3H/HeN and CB-17 severe combined immunodeficient (SCID) mice throughout the course of infection. The sequence changes were consistent with sequential recombination of segments from multiple silent vls cassette sites into the vlsE expression site. No vlsE sequence changes were detected in organisms cultured in vitro for up to 84 days. These results indicate that vlsE recombination is induced by a factor(s) present in the mammalian host, independent of adaptive immune responses. The possible inducing conditions appear to be present in various tissue sites because isolates from multiple tissues showed similar degrees of sequence variation. The rate of accumulation of predicted amino acid changes was higher in the immunologically intact C3H/HeN mice than in SCID mice, a finding consistent with immune selection of VlsE variants.
gene and 15 silent vls cassettes of 474 to 594 bp ( Fig. 1A) (33) . The recently completed genome sequence of B. burgdorferi B31 corroborated the sequence for the silent cassette region, but vlsE was not present due to the underrepresentation of telomeric sequences (15) . During experimental mouse infection, the vlsE cassette region undergoes extensive segmental recombination with the vls silent cassettes via a gene conversion mechanism (33, 34) . The purpose of the present study was to determine the earliest detectable occurrence and the frequency of vlsE sequence variation in B. burgdorferi B31 during the course of experimental infection in mice.
MATERIALS AND METHODS
Bacterial strains and cultures. The high-infectivity B. burgdorferi B31 clone 5A3 (B31-5A3) was originally isolated from low-passage strain B31 and characterized according to infectivity by Norris et al. (22) . The vls system in strain B31-5A3 was subsequently identified and characterized by Zhang et al. (33) . B. burgdorferi clones M1e4A and M1e4C were isolated from an ear biopsy specimen from a C3H/HeN mouse infected 28 days previously with B31-5A3 (33) .
Animal studies. Eight-week-old, female C3H/HeN mice (Harlan SpragueDawley, Houston, Tex.) and CB-17 severe combined immunodeficient (SCID) mice (Charles River Laboratories, Wilmington, Mass.) were housed in microisolator cages and provided with antibiotic-free food and water ad libitum. For mouse inoculation, frozen stocks of B. burgdorferi strains that had previously undergone no more than three in vitro passages since cloning were cultured in BSK II broth (3) at 34°C for 7 days as previously described (22) . The cultures were diluted in BSK II broth to a concentration of 10 6 cells/ml as determined by dark-field microscopy, and 0.1 ml (10 5 organisms) was injected subcutaneously at the base of the tail. For analysis of vlsE cassette sequence variation during in vitro culture, the original stock of B31-5A3 was consecutively subcultured every 7 days for up to 12 passages. Aliquots of the cultures from each passage were stored in 15% (vol/vol) glycerol at Ϫ70°C. In the kinetics study, each of five C3H/HeN and five CB-17 SCID mice were inoculated with 10 5 B31-5A3. Skin biopsies (ϳ2 mm in diameter) from the back of each mouse were acquired under aseptic conditions at different time points for culture of B. burgdorferi in 6 ml of BSK II broth with rifampin and phosphomicin (33) . All mice were sacrificed on day 28 postinfection, and samples from four tissue sites (bladder, heart, joint, and skin) were cultured. Aliquots of all cultures from mouse tissues were preserved as stocks in 15% glycerol at Ϫ70°C. Clonal populations of B. burgdorferi cultures were prepared by subsurface plating and selection of colonies as described previously (22) .
For the chronic infection study, we kept eight C3H/HeN mice that were infected with 10 5 cells of B31-5A3 in our previous study (33) for 12 months. Skin biopsies were obtained from each of these mice at 7 months after initial infection and cultured for B. burgdorferi in 6 ml of BSK II broth. All mice were sacrificed 12 months after the initial infection, and samples from four tissue sites (bladder, heart, joint, and skin) were cultured.
For infection studies with B. burgdorferi clones M1e4A and M1e4C, four C3H/HeN mice were inoculated with 10 5 cells as described above. All mice were sacrificed 28 days after infection, and samples from four tissue sites (bladder, heart, joint, and skin) were cultured.
Amplification and sequencing of vlsE cassette region. The cassette regions of different vlsE alleles were amplified by PCR and sequenced as described previously (33) . Primers F4120 (5Ј-GCGGATCCAGTACGACGGGGAAACCAG-3Ј) and R4066 (5Ј-CTTTGCGAACGCAGACTCAGCA-3Ј) were used for PCR amplification. First-passage cultures of B. burgdorferi clones were used as the sources of template DNA by scraping a small quantity from the surface of the frozen culture, allowing it to thaw, and adding 3 l (ϳ10 5 organisms) per PCR reaction. The PCR products were purified by using Wizard PCR purification columns (Promega, Madison, Wis.) and sequenced on an ABI 377 DNA-Sequencer (Perkin-Elmer/ABI, Foster City, Calif.) at the University of TexasHouston Microbiology and Molecular Genetics DNA Core Facility. The PCR products were sequenced directly (without cloning the products) to minimize the chances of sequence errors due to PCR infidelity. Sequence analyses were performed with Genetics Computer Group (Madison, Wis.) programs. PILEUP and BOXSHADE programs were used to generate graphic output of the sequence alignments.
Quantitative assessment of vlsE sequence variation. The nucleotide and predicted amino acid sequences of vlsE alleles from B. burgdorferi clones were aligned with the corresponding sequences of the parental allele vlsE1 by using the PILEUP and BOXSHADE programs. Individual nucleotides or predicted amino acid residues that were different from those of the parental allele vlsE1 were counted as sequence changes and summed for each clone. Identical sequences from multiple clones from the same isolate were considered siblings and counted as a single clone. The sum of the sequence changes for each group of clones at appropriate time points was divided by the total number of clones included to provide a measure of the average number of sequence changes at different time points.
Nucleotide sequence accession numbers. The sequences of vlsE (allele vlsE1) and the 15 silent vls cassette sequences of B31-5A3 are contained in GenBank entries U76405 and U76406, respectively. The complete coding sequences of the vlsE alleles m1e4A and m1e4C are available under GenBank entries U84554 and U84556. The DNA sequences of vlsE variants presented in this study were deposited in GenBank under the following entries:
, and AF034529 (1502G).
RESULTS
Kinetic analysis of vlsE variation in C3H/HeN mice. In our previous study (33) , the vlsE cassette region of B. burgdorferi isolated 28 days postinfection of C3H/HeN mice was found to undergo extensive sequence changes consistent with the replacement of the parental vlsE sequence with short segments of sequences from multiple silent vls cassettes. Based on these results, we postulated that sequence changes resulted from multiple independent recombination events occurring during the course of infection between several different silent vls cassettes and the vlsE expression site. To determine if this model was correct, the previously characterized B. burgdorferi clone B31-5A3 (33) was used to infect a group of five C3H/HeN mice, and skin biopsies from each mouse were cultured for organisms on days 2, 4, 7, 14, 21, and 28 postinfection (Fig. 1B) . Among the relatively noninvasive methods examined (skin biopsy, blood, and ear punch), skin biopsy yielded the most consistent culture results in preliminary experiments (data not shown). Thus, our analysis of vlsE variation was focused on mouse skin isolates.
Attempts to isolate B. burgdorferi on day 2 postinoculation were not successful, but organisms were cultured from skin biopsies of all five mice on days 4, 7, 14, 21, and 28. Ten clones for each of the isolates were prepared by subsurface plating (Fig. 1B) and designated with a combination of the isolate number (e.g., 1360) and clone designation (A through J). To provide an assessment of vlsE variation in a single mouse during the course of infection, sequential isolates from one mouse (mouse A) were examined in detail. Five clones of mouse A skin biopsy cultures were included at each time point to determine vlsE sequence changes within single biopsy samples. In addition, one skin biopsy clone from each of the four other mice was analyzed for each time point in this study. The vlsE cassette regions of the selected clones were PCR amplified and sequenced with a pair of primers specific for the flanking, conserved regions of vlsE (Fig. 1B) (33) .
vlsE sequence variation could be detected at the earliest time point at which positive cultures were obtained (i.e., 4 days burgdorferi B31-5A3. Organisms were cultured by using skin biopsies obtained on days 4, 7, 14, 21, and 28 after initial infection. Clonal populations were prepared by subsurface plating and used as a source of DNA templates for PCR amplification and sequence analysis of the vlsE cassette region. DR, 17-bp direct repeats. postinfection). When compared with the parental allele vlsE1, six of nine 4-day clones examined exhibited sequence variation ( Fig. 2 ), whereas three others had vlsE cassette region sequences identical to that of the parental vlsE allele. Five clones from a single skin isolate (isolate 1360) had sequence changes identical to each other ( Fig. 2) , possibly due to outgrowth of a single organism from the initial skin culture (33) . At 7 days postinfection, 5 of 12 clones tested had occasional sequence changes in variable regions II, III, and V, but 7 others maintained the sequence of the parental allele vlsE1 (data not FIG. 2. Kinetics of vlsE sequence variation during infection of C3H/HeN mice with B. burgdorferi B31-5A3. PCR products corresponding to the regions shown were amplified from B. burgdorferi clones isolated on days 4, 7, 14, 21, and 28 postinfection in C3H/HeN mice. The predicted amino acid sequences for days 4, 14, and 28 are shown; all nucleotide sequences and predicted amino acid sequences are available through GenBank. The 4-day clones 1360A to 1360G, the 14-day clones 1373A to 1373G, and the 28-day clones 1394B to 1394F were prepared from a single skin biopsy culture from mouse A at each time point. The additional clones shown were isolated from other infected mice in the same experiments. Residues identical to the VlsE cassette region of B31-5A3 (vlsE1) are marked as dashes (Ϫ); dissimilar and similar amino acids are shown in uppercase and lowercase, respectively; gaps are indicated by periods. The six variable regions (VR) VR-I through VR-VI are shaded.
shown). Collectively, while some organisms in the 4-and 7-day isolates still maintained the parental vlsE1 allele, many had initiated sequence variation.
Dramatic increases in vlsE sequence variation were observed among the clones isolated on day 14. All of the nine 14-day clones examined showed sequence changes compared with the parental allele vlsE1 (Fig. 2) , and all but two of the 14-day clones were unique in terms of vlsE cassette sequence. At 21 days postinfection, all eight B. burgdorferi clones tested exhibited sequence variation in all six variable regions (data not shown). The 28-day clones had extensive sequence changes within all six variable regions (Fig. 2) , paralleling the results obtained in the previous study (33) .
Consistent with our hypothesis (33) , nearly all sequence changes in these vlsE variants could be identified in the 15 silent vls cassettes. For B. burgdorferi clones isolated on days 4 ( Fig. 2 ) and 7 (data not shown), the majority of sequence changes in each of the variable regions apparently resulted from one or two recombination events. Sequences of these segments could be found easily in the corresponding regions of 15 silent vls cassettes. For example, the sequences of the variable regions IV and V in clone 1360B were identical to the corresponding sequences of the silent vls cassettes 16 and 6, respectively. For the clones isolated after 14 days, sequence changes in each of the six variable regions became more complex and mostly appeared as hybrids of multiple silent vls cassettes (Fig. 2) . For instance, the vlsE allele 1374A apparently acquired a DNA segment in VR-IV encoding amino acids AASEADQE from vls11, whereas adjacent sequences could be found only in other silent cassettes (Fig. 2) .
vlsE variation during chronic infection. In a previous report, we showed extensive vlsE sequence variation in eight C3H/ HeN mice on day 28 postinfection (33) . In the present study, the same group of mice were sampled at 7 and 12 months after initial infection. At 7 months, the organisms were isolated from skin biopsies of all six mice examined. Organisms were isolated from all tissue sites tested (bladder, heart, joint, and skin) in all eight mice 12 months after initial infection. These results are consistent with persistent infection by B. burgdorferi (6) .
The vlsE cassette regions from a total of eight clones from both 7-and 12-month isolates were amplified and sequenced. All vlsE alleles analyzed had extensive vlsE sequence changes in all six variable regions (Fig. 3) ; none of these vlsE alleles tested were identical to any of the 15 vlsE alleles analyzed on day 28 postinfection in the previous study (33) . However, no sequence variation was detected in the conserved regions of the vlsE cassette in any of the 7-and 12-month clones examined (Fig. 3) .
Lack of detectable vlsE variation in vitro. During the preparation of B. burgdorferi inoculum for mouse infection, the organisms had to undergo 7 days of in vitro culture. In addition, the organisms were usually cultured for ϳ2 to 3 more weeks for organism isolation from mouse tissues and for cloning by subsurface plating. Thus, it was possible that vlsE sequence variation detected in C3H isolates during the early days of infection (days 4 and 7) could simply reflect sequence (Fig. 2) . Because our previous study did not reveal detectable vlsE sequence changes in the original stock or the organisms undergoing 14-day in vitro cultivation (33) , our analysis in this study was focused on the organisms undergoing longer in vitro culture. After 4 weeks of in vitro cultivation, two of the eight B. burgdorferi clones analyzed lost the vls-carrying plasmid lp28-1, as determined by PCR amplification and Southern hybridization (data not shown). A similar analysis revealed that by passage 12 (84 days), only one of 25 clones tested retained lp28-1. These observations are consistent with the instability of lp28-1 during in vitro cultivation (33) , although all of the B. burgdorferi isolates from mice examined contained this plasmid even at 12 months after initial infection (data not shown).
Six clones from the 4-week culture were used as sources of template DNA to amplify and sequence the vlsE cassette region. Consistent with the previous results obtained from the organisms undergoing 14-day in vitro cultivation (33) , all six clones of the organisms cultured 28 days had an amplified vlsE sequence identical to that of the parental B31-5A3. The one lp28-1-positive clone from the passage-12 (84-day) culture contained the same vlsE cassette sequence as the passage-1 B31-5A3. In agreement with the previous study (33) , these results indicate that vlsE recombination does not occur at a high frequency under standard culture conditions. Kinetic analysis of vlsE variation in SCID mice. Immune responses, particularly antibody responses, have been shown to select and thus enrich antigenic variants of African trypanosomes (14) and B. hermsii (2) . To examine the possible role of adaptive immune responses in the occurrence of vlsE variation, B31-5A3 was used to infect a group of five CB-17 SCID mice, which are incapable of T-and B-cell development. To minimize the potential loss of the SCID mice during the process of consecutive sampling, only three time points (days 4, 14, and 28) were included in these studies. All five mice survived this process without complications, and positive cultures were obtained from all skin biopsy specimens. Seven to nine clones isolated at each of three time points were used as a source of template DNA for PCR amplification of the vlsE cassette region and subsequent sequence analysis.
Similar to the results from the C3H mouse kinetic study (Fig. 2) , sequence analysis revealed the occurrence of vlsE sequence variation as early as 4 days after the initial infection in the SCID mice. Clone 1365D had sequence changes in the variable regions IV, V, and VI (Fig. 4) , although eight additional clones retained the parental vlsE cassette sequence. Each of these variant sequences could be found in corresponding positions of silent vls cassettes. Although more changes were found in the 14-and 28-day clones compared with the 4-day clones (Fig. 4) , the extent of vlsE sequence variation in SCID mice was lower during this time period than in C3H/ HeN mice.
Interestingly, clones 1379A and 1379C had identical vlsE cassette sequences containing a putative stop codon (TAG) in the region between variable regions III and IV. Since this putative stop codon and adjacent nucleotides encoding glycine (G) and cysteine (C) are present only in silent cassette vls11 (33) , this segment of the sequence was apparently acquired from vls11 through recombination. Despite this putative stop codon, clone 1379A can establish infection in C3H/HeN mice. Organisms could be isolated from skin biopsies of each of five C3H/HeN mice 7 days postinfection with 10 5 cells of clone 1379A. All six 7-day clones examined in a single skin isolate retained the putative stop codon and its adjacent sequences. Immunoblot analysis of clone 1379A did not reveal a detectable protein band reactive with rabbit antiserum against the GST-Vls1 fusion protein (data not shown).
Progression of vlsE variation during infection. The numbers of vlsE nucleotide and predicted amino acid changes were used as a crude measure of the number and the extent of the recombination events occurring during infection. In this analysis, identical variants from the same culture (as in Fig. 2, day 4) were considered to be siblings because of the extremely low probability that independent recombination events would yield the same sequence. As such, one representative clone from each of these groups of identical variants was included in each comparison.
This quantitative assessment revealed progressive increases in vlsE sequence variation with increased time of infection in both C3H/HeN and CB-17 SCID mice ( Table 1 ). The proportion of variants compared to parental clones increased at a greater rate in C3H/HeN mice than in CB-17 mice, a finding suggestive of selective elimination of nonvariant organisms in immunocompetent mice. As indicated previously, the number of observed nucleotide changes accumulated at a higher rate in C3H/HeN mice than in SCID mice, again suggesting the occurrence of immune selection. In addition, the numbers of predicted amino acid changes correlated well with the changes at the nucleotide level (Table 1 ). In fact, based on standard genetic codes for prokaryotes, the nucleotide sequence changes in vlsE alleles examined so far have resulted in changes higher than expected in predicted amino acid sequences (data not shown).
vlsE variation in multiple tissue sites. Detection of vlsE variation in vivo but not in vitro indicates that vlsE recombination is induced in the mammalian host. Because the results described above were all based on skin isolates, we wanted to determine whether the induction of vlsE recombination is specific for certain tissues or organs. During the kinetic analysis of vlsE sequence variation in C3H/HeN mice (Fig. 2) , we obtained B. burgdorferi cultures of bladder, heart, and joint specimens from the same group of mice 28 days postinfection. To minimize possible variation among different mice, we focused on the isolates of bladder, heart, and joint specimens from mouse A, from which the skin isolates 1360, 1373, and 1394 were also obtained (Fig. 2) . Sequence analysis showed that B. burgdorferi clones isolated from bladder, heart, and joint tissues had a similar degree of vlsE sequence variation when compared with the clones isolated from a skin biopsy of the same mouse (Table 1 ). The average numbers of nucleotide (and amino acid) changes for vlsE alleles from bladder, heart, and joint isolates are 33.3 (24.7), 33 (22.8) , and 44 (25.3), respectively, compared with the average of 49.8 (29.0) changes for five clones of the skin isolate (Table 1) . These results suggest that the factor(s) responsible for induction of vlsE recombination is present in multiple tissue sites.
vls recombination can occur in other B. burgdorferi B31 variants. All of the aforementioned results demonstrating vlsE recombination were obtained with B. burgdorferi B31-5A3 (Fig.  2 to 4) (33) . We wanted to determine whether this recombination is an allele-specific phenomenon. To test this hypothesis, B. burgdorferi clone M1e4C (10 5 /mouse) was used to infect three C3H/HeN mice by needle inoculation. The organisms were isolated from the infected mice 28 days postinfection, and each isolate was given a serial number. Mouse skin isolate 1396 derived from a M1e4C-infected mouse was selected to generate 10 clonal populations designated A through J. The vlsE cassette regions of five of these clones were amplified by PCR and sequenced.
All five vlsE alleles derived from M1e4C had deduced amino acid sequence changes (Fig. 5) . Consistent with the sequence variation among the vlsE1-derived vlsE alleles (33), all varied segments could be found in the corresponding regions in silent vls cassettes. Parallel studies were also conducted with the strain M1e4A, and similar results were obtained (data not shown). Therefore, vls recombination is an ongoing process, in which each vlsE variant is capable of generating progeny with substantial vlsE sequence changes during mammalian infection.
DISCUSSION
We had shown previously that promiscuous recombination at the vlsE site of B31-5A3 could lead to extensive sequence variation in the cassette regions of the surface-exposed lipoprotein VlsE by 28 days postinfection in C3H/HeN mice (33) . In the present study, over 50 B. burgdorferi clones isolated at different time points were analyzed to determine the kinetics of vlsE sequence variation. At an early time point (day 4), some clones exhibited occasional sequence changes in the variable   FIG. 4 . Occurrence of vlsE sequence variation in CB-17 SCID mice. The predicted peptide sequence alignment of the parental B31-5A3 allele vlsE1 and derivative vlsE alleles obtained from B. burgdorferi clones isolated on days 4, 14, and 28 postinfection in SCID mice are shown. The 4-day clones 1365A to 1365F, the 14-day clones 1379A to 1379E, and the 28-day clones 1395A to 1395F were each prepared from a single skin biopsy culture from SCID mouse A. The additional clones shown were isolated from other infected mice in the same experiment. The predicted stop codons are marked by asterisks. The sequence similarity is shown as described for Fig.  2. regions, while others retained an intact parental vlsE allele ( Fig. 1 and 3) . With the progression of infection in both C3H/ HeN and SCID mice (Table 1) , more variable sequences accumulated throughout the vlsE cassette region, i.e., in each of the six variable regions. Thus, vlsE variation began within the first few days after the organisms were introduced into the mammalian host, and additional recombination events accumulated during the course of infection.
Because the number of sequence changes was ϳ40 nucleotides for the clones of 28-day, 7-month, and 12-month infections (Table 1) , nearly all variable sites in the initial vlsE cassette region appear to be changed by 28 days postinfection in C3H/HeN mice (Fig. 2) . This value actually exceeds 34 nucleotides, the average number of differences between the B31-5A3 silent cassettes and the vlsE expression sites. Each clonal variant was unique beyond 14 days of infection, and new variants were observed at 7 and 12 months postinfection. Therefore, recombination appeared to continue at the same rate throughout the course of infection.
Infecting mice with the mouse isolate M1e4C further substantiated that vls recombination is a never-ending process (Fig. 5) . The recombination observed in B. burgdorferi clones isolated from M1e4C-infected mice was just as extensive as that obtained with its parental strain B31-5A3 (Fig. 5 ). Therefore, sequence variation appears to continue as long as the spirochete is in the mouse environment. We believe that similar vlsE sequence variation can occur in other infectious B. burgdorferi strains and possibly other Lyme disease spirochetes, such as B. afzelii and B. garinii. All of the tested infectious strains of B. burgdorferi, B. afzelii, and B. garinii have been shown by hybridization to possess vls sequences (18, 33) .
The results presented here indicate that vlsE recombination in B. burgdorferi is induced in the mammalian host as suggested by the previous study (33) . vlsE sequence variation could be detected as early as 4 days postinfection in the infected C3H/ HeN mice (Fig. 2) . In contrast, no vlsE variation was detected in seven clones isolated from B31-5A3 cultured in vitro for 28 to 84 days. Detection of vlsE variation in vivo but not in vitro cannot be explained by adaptive immune selection in C3H/ HeN mice because vlsE variation could also be detected in SCID mice (Fig. 4) . All eight clones isolated from the CB-17 mice at 28 days postinfection exhibited vlsE variation ( Fig. 4 ; Table 1 ) despite the lack of immune selective pressure. Furthermore, these clones contained between one and six inde- a Combined results from Fig. 2, 3 , and 4 and additional experiments. Mice were inoculated with 10 5 B31-5A3, and B. burgdorferi was cultured from skin biopsies at the indicated time points. Clones isolated by subsurface plating were used as a source of template DNA for PCR, and the products were subjected to sequence analysis. Changes relative to the parental clone B31-5A3 were calculated as described in the text. In this analysis, identical variant clones from the same initial culture were considered siblings and were counted as a single variant.
b B. burgdorferi clones containing DNA sequence changes in the vlsE cassette region over the total clones examined. Sibling variants were counted as a single clone. c Average nucleotide or predicted amino acid sequence changes relative to B31-5A3 per unique variant Ϯ standard error (SE).
FIG. 5. Continued variation of vlsE
following infection of mice with B. burgdorferi clone M1e4C. The vlsE cassette region predicted amino acid sequence of the parental allele m1e4C was aligned with those of seven derivative alleles obtained from skin biopsies 28 days after infection of C3H/HeN mice. The sequence of VlsE1 from strain B31-5A3 (from which M1e4C was derived) has been included for comparison. The predicted amino acid sequence similarity is shown as described for Fig.  2 . pendent recombination events, as indicated by comparisons of their nucleotide sequences to the silent cassette sequences (data not shown). Another possible argument against the in vivo induction concept is that B. burgdorferi may have a higher growth rate in vivo than in vitro, such that more vlsE variants would be generated in mice in a given period of time. B. burgdorferi has an estimated doubling time of approximately 12 to 16 h in BSK II broth (3, 22) . Based on previous results (22) , 12 in vitro passages correspond to 100 generations. Although the in vivo growth rates of B. burgdorferi strains have not been determined, the organisms are not present in large quantities in the tissues of the infected animals (6). It is unlikely that the number of generations occurring within 4 days in vivo exceeds that of 12 in vitro passages. Thus, any difference in growth rate alone cannot explain our observations.
In vivo induction of virulence factors is a common theme among pathogens (25, 30, 31) . Many factors in host tissues have been well documented to regulate in vivo gene expression (16, 21) . Temperature has been demonstrated to modulate transcription of virB in Shigella flexneri (29) and of yop loci in Yersinia species (7) . Recently, Schwan et al. (24) have shown that B. burgdorferi expresses the outer surface protein C (OspC) at 24°C but not at 37°C. Expression of other B. burgdorferi proteins, including OspE and OspF, appears to be upregulated in a similar fashion (13, 28) . In the present study, we cultured the organisms at 34°C, which is similar to the body temperature of mice (i.e., 37°C). Further studies will be necessary to determine whether temperature is a factor in the induction of vlsE recombination. Elevated CO 2 levels induce expression of capsule and toxin genes in Bacillus anthracis (20) and of enterotoxin genes in Vibrio cholerae (27) . Our culture conditions included 5% CO 2 and 1.5 to 3% O 2 with balance N 2 (22) , under which the CO 2 level is similar to that in mammalian tissues. Thus, CO 2 is unlikely to be an inducing factor for vlsE recombination.
Another obvious difference between BSK II medium and animal tissues is iron concentration. Most of the iron in mammalian tissues is sequestered within cells or bound to transferrin and lactoferrin. The extracellular free iron in human serum is estimated to be approximately 10 Ϫ18 M (32). Low iron levels can induce expression of genes for diphtheria toxin in Corynebacterium diphtheriae (8) and for Shiga-like toxin type I in Escherichia coli (11) . The standard BSK II medium (3) is estimated to contain approximately 1.6 M iron (23). We are investigating the possible role of iron in the induction of vlsE recombination. Other factors, including calcium, magnesium, pH, and osmolarity, have been shown to modulate gene expression in a number of other pathogenic microorganisms (16, 21) . The potential role of these factors in in vivo induction of vlsE recombination remains to be investigated.
Direct comparison of vlsE sequence changes in C3H/HeN mice with those in SCID mice revealed differences in the numbers and patterns of sequence changes (Table 1 ). It is reasonable to believe that the selection of sequence variants occurs in immunocompetent C3H/HeN mice. In this model, clones expressing the initial VlsE "clonotype" or minor variants thereof would activate the immune system during the early stages of infection, resulting in the rapid elimination of these clones. This selection would explain the higher number of changes in the surviving clones in C3H/HeN mice (Fig. 2) compared to SCID mice (Fig. 4) .
Identification of a putative stop codon within the coding region of the vlsE allele in clone 1379A (Fig. 4) is of interest. The infectious phenotype and lack of immunoreactive VlsE protein in this clone raise a question about whether VlsE expression is required for infectivity. We have not yet determined the 50% infective dose (22) to see whether infectivity is reduced in this clone. Also, our immunoblotting results do not rule out the possibility that the VlsE protein was expressed in clone B. burgdorferi 1379A. In our previous study, the antiserum against the parental VlsE cassette region could not detect other VlsE variants by immunoblotting analysis (33) . Further studies, including the disruption of vlsE by mutagenic means, will be necessary to further define the possible role of the VlsE protein in the pathogenesis of Lyme disease.
